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Graphene-modified anticorrosion coatings have become a hot spot in the field of metal protection due to the large-scale promotion
of aluminum alloys, which are prone to corrosion in marine and atmospheric environments. The protection of aluminum alloy
surfaces by a graphene-modified anticorrosive coating was explored in this study by applying a graphene-modified anticorrosive
coating to an aluminum alloy surface to test its resistance to corrosion. Dispersion-treated reduced graphene oxide (rGO) was
used to modify the epoxy resin and fluorocarbon resin. It was found, by using a scanning electron microscopy (SEM) and the
microstructure of the coating made by the Raman Spectroscopy Institute, that the addition of rGO could effectively improve the
porosity of the epoxy primer, and the electrochemical workstation was able to resist the graphene-modified anticorrosive
coating. The corrosion performance was quickly characterized, the polarization curve and the AC impedance curve were fitted,
and it was found that the self-corrosion current density (Jcorr) of the graphene-modified anticorrosive coating was the smallest
(1:190 × 10−7 A/cm2) when 0.6% of rGO was added; the impedance modulus (∣Z ∣ ) was the largest (104), the capacitive
reactance arc radius was the largest, and the coating resistance was the largest after fitting (15517 Ω). When 0.8% of rGO was
added, the dispersion coefficient was large, and it had a good physical insulation performance. The main reason for the
reduction of the corrosion resistance was that the agglomeration of rGO made the aluminum alloy matrix and the external
corrosive environment form a highly conductive circuit, thereby accelerating the corrosion of the aluminum alloy matrix.

1. Introduction

In a space shuttle, the most serious corrosion is found in the
structure of the aircraft body. A large amount of condensa-
tion forms on the surface and inside of the aircraft fuselage
during the takeoff and climb phase due to the difference in
temperature between the ground and the high altitude. When
the relative humidity of the atmosphere in the external envi-
ronment exceeds 65%, a film of water about 0.001μm thick is
deposited on the surface of the aircraft body and structural
parts [1]. The thickness of the water film gradually increases
with the increase of the external relative humidity, and when
the humidity of the external environment reaches 100%,
condensation forms on the surface of the aircraft body.
Corrosion is caused by the saturated Cl- ion, O2, and other
corrosive media coming into contact with the aluminum
alloy structural parts of the aircraft. The common types

of corrosion of the aluminum alloy structural parts of aircraft
currently include the following: (1) pit-like corrosion: in a
neutral aqueous solution or humid environment, corrosion
pits appear on the surface of the aluminum alloy. Their depth
and diameter increase rapidly, and they continue to develop
inside the aluminum alloy. In a marine atmosphere, Cl- ions
can accelerate the corrosion of aluminum alloy, and the
surface of aluminum alloy is prone to a galvanic effect; (2)
crevice corrosion: the aluminum alloy undergoes a reduced
reaction of anode solvent and cathode oxygen in the gap
between the interface, resulting in an accumulation of corro-
sion products, blocking the transmission of corrosive media,
leading to differences in the corrosive media and concentra-
tion inside and outside the crevice, and then evolving into
“occluded battery corrosion”; and (3) friction corrosion: cor-
rosion products are formed by chemical and electrochemical
reactions on the contact surfaces of two aluminum alloy
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structural parts. The friction between the contact surfaces
causes the corrosion products to fall off, and the newly
exposed aluminum alloy surface corrodes again and again,
which causes damage to the aluminum alloy structural parts.
Organic coating protection is the simplest, most efficient, and
economical anticorrosion method in the industry [2].

The level of development of heavy-duty anticorrosion
coatings is a measure of the advanced level of a country’s
coatings industry. A series of heavy-duty anticorrosion coat-
ings have been developed at home and abroad in response to
the phenomenon that aluminum alloys are prone to corro-
sion. These mainly include the following: (1) epoxy heavy-
duty anticorrosion coatings, an epoxy resin macromolecule
chain, which contains two or more epoxy groups. Thermo-
setting resin is highly adhesive and extremely hard. As such,
it is widely used for building materials. However, epoxy resin
is extremely porous, It is easily corroded by oxygen, water,
and chloride ions and has poor acid resistance. Other
disadvantages include poor ultraviolet rays and brittle
paint film; (2) polyurethane heavy-duty anticorrosive coat-
ing; this is extremely flexible and highly adhesive and has
excellent wear resistance due to the reactive cyanate group
(-NCO) on the macromolecular chain. It is often used as a
topcoat in the field of heavy anticorrosion to protect the
substrate due to its mechanical properties, but its UV
resistance is poor, and its anticorrosion performance is
greatly reduced after ultraviolet aging; (3) fluorocarbon
coatings that contain a large amount of C, with a bond
energy of up to 485.6 kJ/mol F-bonded fluorocarbon resin,
have excellent chemical and UV resistance. They are
widely used in ships, pipelines, and aerospace fields, but
their adhesion and pigment wetting are poor [3, 4].

These reasons have led to much research by scientific
researchers. For example, Pourhashem and others [5] used
silane coupling agents APTES (KH550) and GPTMS
(KH560) to prepare graphene oxide-modified epoxy resin
coatings to test their ability to protect stainless steel. Ye
et al. [6] used covalent grafting to prepare functionalized
graphene-modified epoxy resin coating and explored the cor-
rosion resistance of Q235 steel; Uzoma et al. [7] used a solu-
tion polymerization of acrylic monomer to synthesize
hydrophobic organic. The siloxane-acrylic resin and
fluorosilane-modified graphene nanosheets were connected
by covalent bonds to prepare a superhydrophobic (≥152°)
anticorrosion coating, which improved the protection of
LY12 aluminum alloy. In the above research on graphene-
modified anticorrosion coatings, graphene oxide (GO) was
used to modify anticorrosion coatings, the protection mech-
anism of stainless steel was explored, and the modified anti-
corrosion coatings of reduced graphene oxide were used on
aviation aluminum alloy substrates [8, 9]. Therefore, due to
the limited exploration, the contents defined below are
addressed in this article.

A polymer dispersant is used to produce an rGO surface
to prepare for graphene dispersion; then, rGO is used to
modify the epoxy primer and fluorocarbon resin topcoat;
and atmospheric spray technology is used to apply a
graphene-modified anticorrosive coating to the surface of
aviation aluminum alloy. An electron microscope and

Raman spectroscopy are used to scan, test, and characterize
the microstructure of the graphene-modified anticorrosive
coating; and an electrochemical workstation is used to test
and characterize the corrosion resistance of the graphene-
modified anticorrosive coating. The corrosion resistance
mechanism of the anticorrosive coating is explored by fitting
an equivalent circuit to explore its ability to resist the corro-
sion of aviation aluminum alloy.

2. Experimental Section

2.1. Materials. The metal matrix used in the experiment is
7075-T6 aluminum alloy, and its composition is shown in
Table 1. The coating is epoxy resin primer and fluorocarbon
resin topcoat provided by the Beijing Institute of Aeronauti-
cal Materials. The reduced graphene oxide is 1133 anticorro-
sive graphene produced by the China Changzhou Sixth
Element Material Technology Co., Ltd. The graphene disper-
sant used is F431 type dispersant produced by the Foshan
Aona Polymer Co., Ltd. The other chemical reagents used
throughout the experiment were purchased from Aladdin.

2.2. Preparation of Anticorrosion Coatings. Firstly, the
reduced graphene oxide, F431 dispersant, and xylene solu-
tion were mixed in a ratio of 1 : 0.1 : 10 and then ultrasonically
treated in a 600W water bath sonicator for 2 hours to obtain
a uniform graphene dispersion. Before being painted, the
surface of the 7075-T6 aluminum alloy was sandblasted using
120-mesh white corundum. Then, it was ultrasonically
degreased with acetone, dehydrated with ethanol, and finally
dried and placed in a desiccator for use. The epoxy resin, cur-
ing agent, and diluent were mixed at 8 : 1 : 3. After mixing the
paint, the prepared graphene dispersion (rGO addition ratio
was 0.4% wt) was doped with reduced graphene oxide. The
epoxy resin was magnetically stirred for 20 minutes using
atmospheric spraying technology, sprayed on the sand-
blasted aluminum alloy surface, and cured at 70°C for 1 hour
(air pressure was maintained at 6-7MPa during spraying,
and the spraying distance was maintained at 15~20 cm).
When the epoxy resin coating was completely dry, the above
steps were repeated and proportions were added to prepare a
polyurethane resin coating on the surface of the epoxy
primer. The total thickness of the anticorrosive coating was
about 150μm. The anticorrosive coating doped with nonre-
duced graphene oxide was prepared in the same way as a
blank comparison reference.

2.3. Characterization. A scanning electron microscope
(7900F) was used to observe the microscopic morphology
of the coating cross-section; a Raman spectrometer (wave-
length 532nm) was used to measure the Raman spectrum
of the coating to study the microstructure of the reduced gra-
phene in the coating; an Autolab PGSTAT 302N electro-
chemical workstation (Switzerland Wantong) was used to
determine the polarization curve and the AC impedance of
the anticorrosion coating to analyze the corrosion resistance
of the anticorrosion coating and the change of the law of the
corrosion resistance of the graphene-modified anticorrosion
coating after being soaked in 3.5% NaCl. NOVA software
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was used to fit the electrochemical curve to draw the equiva-
lent circuit. It had to be connected to the copper wire and
then sealed with epoxy resin before being tested. The exposed
coating area was fixed to 1 cm2. The electrochemical mea-
surement selected a three-electrode system: 10 × 10mm.
The platinum sheet was the counter electrode, the saturated
calomel electrode was the reference electrode, the polariza-
tion curve test interval was relative to the self-corrosion
point ± 150mV, the scanning speed was 1mV/s, the AC
impedance test (EIS) sine wave frequency range was
0.01Hz ~100000Hz, and the load AC disturbance voltage
amplitude was 10mV.

3. Results and Discussion

3.1. Morphology of rGO in Anticorrosion Coatings. There are
three characteristic peaks in the Raman spectrum of melene:
the D peak (near 1350 cm-1), the G peak (near 1580 cm-1),
and the 2D peak (near 2690 cm-1). Peak D is a defect peak
and requires at least one defect to activate; the 2D peak of a
single-layer graphene is located near 2690 cm-1. It is sharp,
and its intensity is about 4 times that of peak G. As the num-
ber of graphene layers increases, its position will shift to the
right. The peak intensity decreases, and the peak width
grows. When the graphene sheet reaches more than ten
layers, its 2D peak shape is basically the same as graphite,
but the 2D peak of graphite is composed of two peaks, 2D1
and 2D2, and the peak intensity is about 1/4 and 1/2 of the
G peak [10].

F431 is a dispersant, and the Raman spectrum of the
graphene-modified anticorrosive coating with 0.2% rGO
addition is shown in Figure 1. It can be seen from Figure 1
that the intensity of the D peak is higher, indicating more
rGO edges and defects; I2D : IG is 1 : 1, indicating that the
dopant is rGO with more layers instead of graphite. This is
due to the strong van der Waals force on the surface of
rGO that makes rGO agglomerate inside the coating, which
is consistent with the phenomenon observed by the scanning
electron microscopy [11].

3.2. Morphology of Anticorrosion Coatings. Figures 2(a)–2(d)
show the microscopic cross-sectional morphology of
graphene-modified anticorrosion coatings with rGO addi-
tions of 0.2%, 0.4%, 0.6%, and 0.8%. It can be seen from
Figures 2(a)–2(c) that there are fewer pores in the cross-
section of the epoxy primer when less than 0.6 of rGO is
added, which indicates that a small amount of rGO can effec-
tively improve the pores in the epoxy primer. As the corro-
sion progresses, it can effectively prevent the intrusion of
water molecules, chloride ions, and other corrosive media;
reduce the accumulation of corrosive ions; greatly reduce
the amount of “water” in the graphene-modified anticorro-
sive coating; and increase the probability of forming an “air

passage”; and the pores in the epoxy primer cross-section
increase sharply with 0.8% of rGO [12, 13]. As the corrosion
progresses, the corrosive media accumulate in the pores,
reducing the graphene-modified anticorrosive coating. The
corrosion resistance of the layer accelerates the corrosion of
the aluminum alloy substrate, and the dispersion of rGO in
the cross-section of the polyurethane resin topcoat in each
graphene-modified anticorrosive coating is relatively uniform.
No microcracks appear as the amount of rGO is increased.
The rGO in the anticorrosive coating can accelerate the elec-
tron transfer speed in the corrosion process, increase the con-
duction path of electrons, and effectively utilize the
anticorrosive filler in the polyurethane resin topcoat [14, 15].

The statistical results of the porosity of the graphene-
modified anticorrosive coatings with 0.2%, 0.4%, 0.6, and
0.8% of the coatings in the prepared state and with F431 as
the dispersant and 0.8%, respectively, are shown in Table 2
using Image-Pro software. It can be seen that the porosity
of the primer coating tended to first decrease and then
increase when less than 0.6% of rGO was added. The porosity
of the primer coating was smallest at 0.12% when 0.6% of
rGO was added, and the topcoat was defective when 0.8%
of rGO was added [16]. This shows that the dispersion of
rGO in the coating affects its microscopic morphology. The
better the dispersion effect of rGO, the greater the effect of
its microlamellar structure. The addition of an excessive
amount of rGO will cause the rGO agglomeration phenome-
non to continue to increase until the graphene-modified anti-
corrosion coating becomes defective, thereby reducing its
ability to resist corrosion [17].

3.3. Electroactivity of Anticorrosion Coatings. The polariza-
tion curves of the prepared state and F431 as a dispersant
with rGO at 0.2%, 0.4%, 0.6%, and 0.8% graphene-modified

Table 1: 7075-T6 aluminum alloy composition.

Composition Zn Mg Cu Si Fe Mn Cr Ti Al Else

Percentage (%) 5.6 2.5 1.4 0.35 0.42 0.29 0.22 0.1 Margin 0.15
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Figure 1: Raman of graphene-modified coatings.
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anticorrosive coating are shown in Figure 3. The size of the
self-corrosion potential shows the degree of difficulty of its
corrosion, and the self-corrosion current density is an impor-
tant basis for characterizing its resistance to corrosion [18]. It
can be seen from Figure 3 that the self-corrosion potential of
the coating first appears with an increase in the amount of
rGO. After the movement, the negative trend reached the
most positive value when the amount of rGO was 0.6%,
which was -0.19V. Then, the corrosion potential quickly
became negative at -0.65V with the increase in the amount
of rGO. The excellent conductivity of rGO accelerated the
circulation of the electrons, increased the conduction path
of the electrons inside the coating, and changed the oxide
film on the aluminum alloy surface during the polarization
process, which hindered the anode reaction to varying
degrees (dissolution of the aluminum alloy matrix) and the
cathodic reaction (oxygen absorption corrosion), leading to
changes in the anode Tafel slope and the cathode Tafel slope,
resulting in a positive or negative shift of the potential of self-
corrosion [19, 20].

The results of the Tafel curve fitting using Nova software
are shown in Table 3, where ba was the Tafel slope of the
anode, bc was the Tafel slope of the cathode, and Rp was
the polarization resistance calculated based on a ratio of
3.1. It can be seen from the fitting data in Table 3 that the

coating self-corrosion current density decreased and the
polarization resistance value increased when the addition of
rGO increased. The self-corrosion current density (Jcorr)
reaches the minimum when 0.6% of rGO was added, the
value was 1:19 × 10−7 A/cm2, and the polarization resistance
was the largest at 29831Ω. The self-corrosion current density
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Figure 2: SEM of graphite-modified anticorrosive coatings with different percentages of rGO dispersed by F431 (a–d); the additional rGO are
0.2%, 0.4%, 0.6%, and 0.8%.

Table 2: Porosity of original and graphene-modified coatings.

Coatings rGO-0.2% rGO-0.4% rGO-0.6% rGO-0.8%

Porosity (%) 0.18 0.12 0.05 0.63
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Figure 3: Tafel curves of original and graphene additions of 0.2%,
0.4%, 0.6%, and 0.8% anticorrosion coatings. Original, no
graphene added.
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(Jcorr) increased to 1:75 × 10−6 A/cm2 when 0.8% of rGO was
added, the polarization resistance value decreased to
1657.9Ω, and the corrosion resistance of the graphene-
modified anticorrosion coating dropped sharply. This is
because the addition of rGO increases the conduction path
of the electrons in the anticorrosion coating, thereby increas-
ing its corrosion resistance performance. When 0.8% of rGO
is added, it will accumulate in the coating to form a conduc-
tive path to connect to the external corrosive environment
and accelerate the exchange of electrons between the alumi-
num alloy surface and the metal ions in the corrosive envi-
ronment, thereby reducing the corrosion resistance of the
coating performance [20, 21].

Rp =
ba/bc

2:303 ba + bcð ÞJcorr
: ð1Þ

The Bode curves of the prepared state and F431 as a
dispersant with the addition of rGO at 0.2%, 0.4%, 0.6%,
and 0.8% to the graphene-modified anticorrosive coating
are shown in Figure 4. It can be seen from Figure 4(a) that
the impedance modulus value of the graphene-modified anti-

corrosive coating is at low frequency when F447 is used as the
dispersant and the amount of rGO added is increased from
0.2% to 0.8%. ∣Z∣ shows a tendency to increase first and then
decrease. When the amount of rGO added is 0.6%, the
impedance modulus value at low frequency is the largest,
about 105, indicating that the corrosion resistance of the
anticorrosive coating is the best at this time, and the polariza-
tion curve results are consistent [22, 23].

The prepared state and F431 as a dispersant and the
Nyquist curve of the graphene-modified anticorrosion
coating with 0.2%, 0.4%, 0.6%, and 0.8% of added rGO
are shown in Figure 5, and the equivalent circuit was ana-
lyzed using Nova software. The middle components are
fitted (Figure 6(a) is the equivalent circuit diagram of the
prepared state when the amount of rGO is 0.2% and
0.8%, and Figure 6(b) is the equivalent circuit diagram
when the amount of rGO is 0.4% and 0.6%); Rs is the
solution resistance; Qdl is the constant phase angle ele-
ment; Rct is the coating resistance; L is the inductance
caused by pitting corrosion; Rm is the oxide film resis-
tance, and the equivalent circuit component values are
shown in Table 4. It can be seen by combining the AC
impedance spectroscopy with the fitted coating resistance

Table 3: Results of Tafel curve fitting.

Ecorr (V) Jcorr (A/cm
2) ba bc Rp (Ω)

Original -0.7313 2:147 × 10−6 0.012724 0.007797 977.8

F431-0.2% -0.6805 1:580 × 10−6 0.008116 0.009737 1220.8

F431-0.4% -0.56789 4:633 × 10−7 0.017767 0.033082 10836

F431-0.6% -0.1956 1:190 × 10−7 0.014154 0.019352 29831

F431-0.8% -0.6592 1:758 × 10−6 0.013298 0.013453 1651.9
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Figure 4: Bode of original and graphene additions of 0.2%, 0.4%, 0.6%, and 0.8% to anticorrosion coatings.
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data that F431 is a dispersant, and the capacitive arc
radius in the Nyquist curve first increases and then
decreases when the amount of rGO is increased from
0.2% to 0.8%. The capacitive arc radius is the largest when
the amount of rGO is 0.6%. At this time, the resistance of
the graphene-modified anticorrosion coating is 15517 Ω,

and the graphene-modified anticorrosion coating has bet-
ter corrosion resistance, which is consistent with the polar-
ization curve. The inductive arc resistance appears in the
Nyquist curve in the preparation state and the addition
of rGO at 0.2% and 0.8%, indicating that the corrosion
ion Cl- has appeared on the surface of the oxide film of
the aluminum alloy substrate [24, 25].

4. Conclusions

(1) The excellent microsheet structure of graphene
improves defective anticorrosive coating. The poros-
ity of the graphene-modified anticorrosive coating is
the smallest when 0.6% of rGO is added. The agglom-
eration of rGO becomes serious as more is added, and
rGO with low surface energy cannot be fully mixed
with organic coatings; therefore, new defects will
occur after the coating has been cured
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Figure 5: Nyquist of original and graphene additions of 0.2%, 0.4%, 0.6%, and 0.8% anticorrosion coatings. Original, no added graphene;
(1–4) 0.2%, 0.4%, 0.6%, and 0.8% added graphene.
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Figure 6: Equivalent circuit diagram.

Table 4: Fitting data of equivalent circuit components.

Coatings Rs (Ω) Rct (Ω)
Qdl

Y0 N

Original 13.372 2230.4 2:614 × 10−5 0.870

F431-0.2% 8.072 2532.1 2:410 × 10−5 0.776

F431-0.4% 4.749 8177.1 4:857 × 10−5 0.704

F431-0.6% 17.863 15517.0 3:212 × 10−5 0.595

F431-0.8% 10.944 1957.7 1:147 × 10−4 0.744
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(2) The self-corrosion current density (Jcorr) of the
graphene-modified anticorrosive coating is the smal-
lest (1:190 × 10−7 A/cm2) when 0.06% of rGO is
added, and the impedance modulus (∣Z ∣ ) is the larg-
est (104). In terms of the capacitive reactance, the arc
radius is the largest, and the coating resistance is the
largest (15517 Ω) after fitting. The corrosion resis-
tance is the best at this time, mainly because the gra-
phene is doped into the coating, extending the
conduction path of electrons inside the coating,
increasing the resistance of the coating, and deceler-
ating corrosion

(3) The rGO agglomeration phenomenon in the
graphene-modified anticorrosive coating is serious
when 0.8% of rGO is added, the coating defects
increase, the self-corrosion current density (Jcorr) is
larger (1:758 × 10−6 A/cm2), and the coating is resis-
tant. The corrosion performance is poor, but its
dispersion coefficient is large, and it has a good phys-
ical insulation performance. Its corrosion resistance
is reduced mainly because the agglomeration of
rGO makes the aluminum alloy matrix, and the
external corrosive environment forms a highly con-
ductive circuit, thereby accelerating the corrosion of
the aluminum alloy matrix
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